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Transcriptional regulatory networks that control the
morphologic and functional diversity of mammalian
neurons are still largely undefined. Here we dissect
the roles of the highly homologous POU-domain
transcription factors Brn3a and Brn3b in retinal
ganglion cell (RGC) development and function using
conditional Brn3a and Brn3b alleles that permit the
visualization of individual wild-type or mutant cells.
We show that Brn3a- and Brn3b-expressing RGCs
exhibit overlapping but distinct dendritic stratifica-
tions and central projections. Deletion ofBrn3a alters
dendritic stratification and the ratio of monostrati-
fied:bistratified RGCs, with little or no change in
central projections. In contrast, deletion of Brn3b
leads to RGC transdifferentiation and loss, axon
defects in the eye and brain, and defects in central
projections that differentially compromise a variety
of visually driven behaviors. These findings reveal
distinct roles for Brn3a and Brn3b in programming
RGC diversity, and they illustrate the broad utility of
germline methods for genetically manipulating and
visualizing individual identified mammalian neurons.
INTRODUCTION
The retina is currently the best understood subdivision within the
vertebrate CNS. Experiments over the past several decades
have provided a remarkably detailed picture of the morphology,
synaptic connectivity, and physiology of each of the major
classes of retinal neurons, and in many cases these properties
can be related to the performance of the visual system at the
level of the intact animal (Rodieck, 1998). In contrast, the molec-
ular mechanisms responsible for the development of structural
and functional diversity among retinal neurons are still poorly
understood.852 Neuron 61, 852–864, March 26, 2009 ª2009 Elsevier Inc.Retinal ganglion cells (RGCs), the output neurons of the verte-
brate retina, relay visual information to brain centers that mediate
image-forming vision, or that control eye movements, pupil
diameter, or circadian photo-entrainment. All RGCs integrate
and process information from bipolar and amacrine cells. A small
percentage of RGCs are also intrinsically photoreceptive
(ipRGCs) and subserve non-image-forming vision (Hattar et al.,
2002). Since the realization over a century ago that RGCs fall
into distinct morphologic classes (Ramon y Cajal, 1893), there
has been an intensive effort to define and correlate RGC physi-
ology and anatomy, with the latter category encompassing
both dendritic morphology and the trajectories of RGC axons
in the brain.
One of the central physiologic-anatomic correlations relates
the stratification of RGCdendrites within the inner plexiform layer
(IPL) and the type of visual information relayed by that cell. RGC
dendrites that reside within the inner layers of the IPL are acti-
vated by light (theONpathway), and those that reside in the outer
layers of the IPL are inhibited by light (the OFF pathway) (Nelson
et al., 1978). Additional physiologic-anatomic correlations have
further divided RGCs into a still-growing collection of subtypes.
In one of themost recent additions to this collection, a population
of OFFRGCswith wedge-shaped and dorsally oriented dendritic
arbors was found to project to the superior colliculus (SC) and
respond specifically to visual stimuli with upward motion (Kim
et al., 2008). Current data suggest that the number of distinct
RGC subtypes in the mammalian retina is likely to be at least
20 (Dacey et al., 2003; Masland, 2001).
Several transcription factors that control RGC development
have been identified, including the POU-domain protein Brn3b.
Shortly after completing their terminal mitosis, 80% of RGC
precursors express Brn3b, and 1 day later the closely related
Brn3a and Brn3c genes are expressed in 80% and 20% of
developing RGCs, respectively; these subsets substantially
overlap the subset expressing Brn3b (Pan et al., 2005; Quina
et al., 2005; Xiang, 1998; Xiang et al., 1995). In the absence of
Brn3b, three distinct defects occur: (1) many cells that would
have become RGCs instead differentiate as amacrine or hori-
zontal cells and then die prenatally; (2) among RGCs, multiple
genes are downregulated, and some RGC axons follow aberrant
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Brn3 Genes in Retinal Ganglion Cell Developmentintraocular and extraocular trajectories; and (3) by adulthood, the
number of RGCs is reduced to <30% of wild type (WT), including
large reductions in the number of RGCs expressing Brn3a or
Brn3c (Erkman et al., 1996, 2000; Gan et al., 1996, 1999; Mu
et al., 2004; Qiu et al., 2008; Wang et al., 2000). The role of
Brn3a and Brn3c in RGC development has been less clear.
Brn3c/ mice show a severe defect in the maturation and
survival of inner ear sensory hair cells (Erkman et al., 1996; Xiang,
1998; Xiang et al., 1997), but they show no obvious defects in
retinal structure. However, Brn3c appears to function in the
retina in some capacity, because Brn3b/;Brn3c/ retinas
have a more severe loss of RGC axons than do Brn3b/ retinas
(Wang et al., 2002). Brn3a/ mice die at birth as a result of
defects in dorsal root and trigeminal neurons, but show no
obvious defects in retinal structure at this point in development
(McEvilly et al., 1996; Xiang et al., 1996). However, a definitive
analysis of Brn3a function in RGC development has not yet
been reported; such an analysis requires tissue-specific gene
deletion, because much of retinal development occurs postna-
tally in the mouse.
Despite the vastly different phenotypes ofBrn3a/,Brn3b/,
and Brn3c/ mice, the high degree of sequence similarity
among the three Brn3 proteins (95% identity in the DNA binding
domain and 41% average identity outside of the DNA binding
domains, excluding large insertions/deletions) and their identical
DNA-binding specificity (Liu et al., 2000; Xiang et al., 1995) has
led to the suggestion that these proteins could function inter-
changeably, with any in vivo differences in their activities princi-
pally arising from differences in the timing and cell-type speci-
ficity of their expression. In support of this general idea,
ectopic misexpression of any of the Brn3 proteins in chick retinal
progenitors promotes an RGC fate (Liu et al., 2000), and mice
carrying a targeted replacement of Brn3b coding sequences
by Brn3a coding sequences show normal numbers of RGCs in
the adult retina and grossly normal RGC axon guidance at the
optic chiasm (Pan et al., 2005).
The experiments described above pose a variety of questions
regarding the roles of Brn3 transcription factors in the specifica-
tion of RGC subtypes. What is the relationship between the
partially overlapping expression patterns of Brn3 family
members and RGC morphologies and central projections? In
what ways are RGC morphologies affected by Brn3 mutations?
What are the consequences of Brn3 mutations for vision? Using
conditional Brn3 alleles that permit the visualization of individual
genetically altered RGCs, together with tests of light-evoked
behaviors, the experiments described here address these ques-
tions as they relate to Brn3a and Brn3b, the two Brn3 genes
expressed in the majority of RGCs.
RESULTS
Brn3a and Brn3b Alleles that Conditionally Activate
Alkaline Phosphatase Expression
To both genetically modify and selectively visualize individual
Brn3a- or Brn3b-expressing RGCs, we constructed conditional
alleles of the Brn3a and Brn3b genes by inserting loxP sites 50
and 30 of each Brn3 coding region together with a human
placental alkaline phosphatase (AP) coding region immediatelydownstream of the 30 loxP site (Figure 1A). A series of transcrip-
tion termination signals inserted immediately upstream of the 30
loxP site minimized any read-through into the AP coding region.
Following Cre-mediated recombination, the AP coding region
was faithfully expressed under the control of the adjacent Brn3
promoter (Figure 1 and Figure S1 available online).
In the experiments described below, we used either of two
heterozygous configurations at the Brn3a or Brn3b loci: the con-
ditional allele over theWT allele (e.g.,Brn3bCKOAP/+) or the condi-
tional allele over a conventional null allele (e.g., Brn3bCKOAP/). In
the former case, Cre-mediated recombination results in AP
expression in cells that are heterozygous for the Brn3 gene of
interest (Brn3aAP/+ or Brn3bAP/+), and these cells appear to be
phenotypically WT, whereas in the latter case, Cre-mediated
recombination results in AP expression in cells that carry two
mutant alleles (Brn3aAP/ or Brn3bAP/). Brn3aCKOAP/+ and
Brn3bCKOAP/+ mice carrying the ubiquitously expressed
Rosa26CreER(T) locus (Badea et al., 2003) exhibit AP activity
in the retina and in retino-recipient areas in the brain, as well
as in a variety of other brain regions (Figures 1C and 1E–1H).
Brn3aCKOAP/+ or Brn3bCKOAP/+ mice carrying the retina-specific
Pax6aCre transgene (Marquardt et al., 2001) exhibit AP activity
only in the retina and in retino-recipient areas of the brain
(Figures 1D and 1I–1L). As described by Marquardt et al.
(2001) and as seen in Figure 1D, Pax6aCre is expressed at
a very low level in a wedge-shaped stripe in the dorsal and
central retina; within this zone, the morphologies of well-isolated
AP+ RGCs can be analyzed. The Pax6aCre transgene is
expressed in the retina beginning at embryonic day (E)9.5 (Mar-
quardt et al., 2001), 3 days before the onset of Brn3b expression
and 4 days before the onset of Brn3a expression in postmitotic
RGC precursors (Xiang, 1998).
RGCs Expressing Brn3a and Brn3b Show Distinct
Patterns of Dendritic Stratification
Two approaches based on visualizing the morphologies of indi-
vidual RGCs in flat-mounted retinas were used to define the WT
patterns of dendritic arborization in those RGCs that express
Brn3a or Brn3b. In the first approach, we analyzed RGC
morphologies following sparse and random AP labeling of
neurons inmice carryingRosa26CreER(T) and Z/AP, a transgene
that can express AP in essentially any cell type following Cre-
mediated recombination (Badea and Nathans, 2004; Lobe
et al., 1999), and determined which AP+ RGCs expressed
Brn3a (Figures 2A–2D) or Brn3b by immunostaining. In the
second approach, we visualized the morphologies of well-iso-
lated AP+ RGCs in Brn3aCKOAP/+;Pax6aCre and Brn3bCKOAP/+;
Pax6aCre retinas (Figures 2I–2O). For each RGC analyzed, the
locations of the dendrites were digitized, and the area of the
dendritic arbor in the plane of the retina and its vertical position
and thickness in the IPL were determined (Figures 2E and 2F).
As seen in the scatter plots for monostratified RGCs (Figures
2G, 2H, and 2P), both approaches reveal a striking morpholog-
ical difference between Brn3a- and Brn3b-expressing RGCs:
although arbors of Brn3b-expressing RGCs are located
throughout the full extent of the IPL, the arbors of Brn3a-
expressing RGCs are confined to the outer 60%–70% of the
IPL. Moreover, the data in Figure 2G show that 20/20Neuron 61, 852–864, March 26, 2009 ª2009 Elsevier Inc. 853
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the inner 30%–40% of the IPL. Among Brn3aCKOAP/+;Pax6aCre
and Brn3bCKOAP/+;Pax6aCre RGCs, 19% and 9%, respectively,
are bistratified (Figure S2).
As an independent measure of these patterns of dendritic
stratification, vertical sections of Brn3aCKOAP/+;Pax6aCre and
Brn3bCKOAP/+;Pax6aCre retinas were immunostained for AP
and for calretinin. Calretinin localizes to three narrow bands
within the IPL, with the central band marking the junction
between ON and OFF sublaminae (Morgan et al., 2006). For
this analysis, we focused on regions of the retina with a high level
of Cre-mediated recombination, where the AP signal within any
section is derived from the dendrites of a large number of
RGCs. As seen in Figures 3 and S3 and in agreement with the
analyses of individual RGC morphologies described above,
Brn3aAP/+ RGC dendrites are confined to the outer 60%–70%
of the IPL, whereas the Brn3bAP/+ RGC dendrites populate the
Figure 1. Conditional Targeting of theBrn3a
and Brn3b Loci
(A) Schematic of the conditional targeting strategy
illustrated forBrn3a; an identical strategy was used
for Brn3b. (I) the endogenous locus, (II) the tar-
geted locus, (III) the targeted locus after Flp-medi-
ated excision of the PGK-neo cassette, and (IV) the
targeted locus after Cre-mediated excision of the
Brn3a coding region, which places the AP coding
region under the control of the Brn3a promoter.
Filled black boxes, Brn3a coding region; open
boxes, 50 and 30 UTRs.
(B–D) Flat-mounted Brn3bCKOAP/+ retinas histo-
chemically stained for AP activity: (B) in the
absence of Cre, (C) with ROSA26-creER(T), and
(D) with Pax6aCre.
(E–L) Coronal brain sections (200 mm thickness)
from (E, F, I, and J) Brn3aCKOAP/+ or (G, H, K, and
L) Brn3bCKOAP/+ in the background of (E–H)
ROSA26-CreER(T) or (I–L) Pax6aCre. The left and
right members of each pair of sections (e.g., [E]
and [F]) are at the level of the LGN and SC, respec-
tively. The ROSA26-CreER(T) samples are from
mice that had not been exposed to 4-hydroxyta-
moxifen, showing that the Brn3aCKOAP and
Brn3bCKOAP loci exhibit a relatively high efficiency
of Cre-mediated recombination. No AP-express-
ing cells were seen in the absence of a Cre or
CreER gene. DTN, dorsal terminal nucleus; IGL,
intergeniculate leaflet; LGN, lateral geniculate
nucleus; LTN, lateral terminal nucleus; OPN, oli-
vary pretectal nucleus; SC, superior colliculus.
Scale bars in (D) and (L), 1 mm.
full width of the IPL, although with a rela-
tively reduced representation in the inner-
most50% of the OFF substrata, demar-
cated by the outer two bands of calretinin
staining. Finally, we observed by double
labeling of adult Brn3aCKOAP/+;Pax6aCre
and Brn3bCKOAP/+;Pax6aCre with anti-
AP andwith anti-Brn3a or anti-Brn3b anti-
bodies that 87% of Brn3aAP RGCs
express Brn3b and 78% of Brn3bAP RGCs express Brn3a
(Figures S1A–S1I).
Brn3a/ RGCs Exhibit Defects in Dendritic
Stratification
A comparison of vertical sections of Brn3aCKOAP/+;Pax6aCre and
Brn3aCKOAP/-;Pax6aCre retinas shows that the absence of Brn3a
leads to a loss of AP-expressing RGCdendrites in a narrow stripe
centered over the boundary between ON and OFF laminae in the
IPL (compare Figures 3A and 3B). A similar gap is seen when the
dendritic stratification patterns of individual monostratified
Brn3aCKOAP/RGCsareplotted (Figure 4A). This observation indi-
cates that loss ofBrn3a leads either to a loss ofBrn3a-expressing
RGCs that would normally stratify in this central layer, or to
a respecificationof dendritic stratificationwithin thisRGCpopula-
tion, or both. A comparison of the morphologies of individual
Brn3aAP/+ and Brn3aAP/ RGCs indicates a substantial degree854 Neuron 61, 852–864, March 26, 2009 ª2009 Elsevier Inc.
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Brn3 Genes in Retinal Ganglion Cell DevelopmentFigure 2. The Populations of Brn3a- and Brn3b-Expressing RGCs Have Distinct Distributions of Dendritic Stratification
(A–D) Anti-Brn3a immunoreactive (red arrowhead in [A] and [B]) and anti-Brn3a nonreactive (red arrow in [C] and [D]) RGC nuclei in flat mounts of R26-CreER(T);
ZAP retinas. After HRP immunohistochemistry (A and C), the tissue was processed for AP histochemistry (B and D), and the same region was rephotographed.
The focal plane is in the GCL, and RGC dendrites in the IPL are out of focus.
(E and F) Morphological parameters for the analysis of RGC dendritic arbors (Badea and Nathans, 2004; Badea et al., 2003). The inner distance (ID) and outer
distance (OD), expressed as a fraction of IPL thickness, together define the level of stratification and arbor thickness. The arbor area is calculated as the area of
the polygon (in red) with the shortest perimeter that connects the tips of the RGC dendritic arbor when projected in the plane of the retina.
(G and H) Scatter plots of morphological parameters for monostratified Brn3a-positive, Brn3a-negative, Brn3b-positive, and Brn3b-negative RGCs. RGCs with
axon arbors thicker than 0.25 of the IPL thickness are coded by black symbols in this and all other scatter plots; red and green symbols represent RGCs with
narrowly stratified arbors (<0.25 of the IPL thickness).
(I and J) Brn3bAP/+ RGCs in the sparsely recombined zone of a flat mounted Brn3bCKOAP/+;Pax6aCre retina. The optic disc is at the bottom center. The enclosed
region in (I) is shown at higher magnification in (J); the digitized morphology of this cell is shown in (O). Scale bars in (I) and (J) are 200 and 80 mm, respectively.
(K–O) Digitized morphologies of AP-expressing RGCs from Brn3aCKOAP/+;Pax6aCre (K–M) and Brn3bCKOAP/+;Pax6aCre (N and O). For each cell, en face (top) and
vertical views (bottom) are shown. Vertical and horizontal bars show, respectively, the thickness of the IPL and a 30 mmscale. Axons are shown in blue and arrows
indicate the direction of the optic disc. For the bistratified cell in (K), dendrites are shown in green (ON lamina) and red (OFF lamina).
(P) Scatter plots of morphological parameters for monostratified Brn3aAP/+ RGCs from Brn3aCKOAP/+;Pax6aCre retinas and Brn3bAP/+ RGCs from Brn3bCKOAP/+;
Pax6aCre retinas. A scatter plot of bistratified RGCs is shown in Figure S2.of respecification among the latter group, as the ratio of
bistratified:monostratified RGCs increases from 0.22 (8:35) in
Brn3aCKOAP/+;Pax6aCre retinas to 1.5 (24:16) in Brn3aCKOAP/-;
Pax6aCre retinas (p < 0.0001; Figures 4B, 4C, and S2). The ab-
sence of Brn3a is also associated with an 30% decrease in the
number of RGCs fated to expressBrn3a (as determined by count-
ing Brn3aAP/+ and Brn3aAP/ RGCs), with a corresponding decre-
ment in the number expressingBrn3b (Figures S1IS1L). Thus, in
the absence ofBrn3a, there is both RGC respecification and loss.
Brn3b/ RGCs Exhibit Defects in Intraretinal Axon
Morphology
As reported elsewhere (Erkman et al., 1996, 2000; Gan et al.,
1996; Xiang, 1998), loss of Brn3b leads to a loss of >70% ofRGCs (Figures 3C, 3D, S1, S3C, and S3D). AP staining of
Brn3bCKOAP/-;Pax6aCre retinas shows that many surviving
Brn3bAP/ RGCs continue to transcribe the recombined Brn3b
locus (Figure 4D). In earlier work, Gan et al. (1999) and Wang
et al. (2000) observed disorganized RGC axon bundles in
Brn3b/ retinas and aberrant axonal and dendritic processes
in cultured Brn3b/ RGCs. We have extended this analysis by
observing the aberrant morphologies of individual Brn3bAP/
RGCs in retina flat mounts (Figures 4G–4J). Although the distri-
bution of stratification levels among Brn3bAP/ RGC dendrites
resembles that of the Brn3bAP/+ control (compare Figures 2P
and 4A), the population of Brn3bAP/ RGCs includes an excess
of cells with large areas and thick arbors (Figure S2C), and an
overall increase in mean area size for dendritic arbors of all typesNeuron 61, 852–864, March 26, 2009 ª2009 Elsevier Inc. 855
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Brn3 Genes in Retinal Ganglion Cell DevelopmentFigure 3. Vertical Sections Showing the Inner Retina Immunostained for Calretinin and AP Reveal Distinct Stratification Levels for Dendrites
of Brn3aAP/+ and Brn3bAP/+ RGCs, a Loss of the Centrally Stratifying IPL Dendrites in Brn3aAP/ RGCs, and a Loss of Most Brn3bAP/ RGCs
The GCL is at the bottom. Right, schematic showing, for each set of panels, the boundaries of the IPL (blue), the three calretinin-immunoreactive laminae (red),
and the regions occupied by AP-immunoreactive RGC dendrites (green). Scale bar, 80 mm.(compare Figures 2P and 4A). Although the axons of most
Brn3bAP/ RGCs correctly target the optic disc, some axons or
axon-like processes from Brn3bAP/ cells follow aberrant trajec-
tories (Figures 4D and 4G), bifurcate within the retina (Figure 4I),
or give rise to dendrite-like branches that ramify within the IPL
(Figures 4G–4J). Among a sampling of 87 Brn3bAP/ neurons
with cell bodies in the ganglion cell layer (GCL), three lacked
an axon entirely (Figure 4F), suggesting that they may have
adopted, at least partially, an amacrine cell fate. The idea that
amacrine cell developmental pathways are derepressed in the
absence of Brn3b is strengthened by the observation that
Brn3bAP/ neurons are significantly more likely to reside in the
inner nuclear layer (INL); the ratio of INL:GCL Brn3bAP/ cell
bodies is 178:105, compared with 9:147 for Brn3bAP/+ controls
(Figure 4E). Moreover, many displaced Brn3bAP/ cells exhibit
morphologies characteristic of small-field glycinergic amacrine
cells (Menger et al., 1998), and they immunostain for the vesic-
ular inhibitory amino acid transporter (Chaudhry et al., 1998)
(Figure S4). These observations are consistent with those of
Qiu et al. (2008) showing that amacrine markers are expressed
transiently in prenatal Brn3b/ RGCs. Among surviving
Brn3bAP/ RGCs, the fraction that expresses Brn3a is unaltered,
compared with Brn3bAP/+ RGCs (Figures S1I–S1L), implying
that, for at least some RGCs that normally coexpress Brn3a
and Brn3b, Brn3b is not required for the maintenance of Brn3a
expression.
Defects in Central Projections from Brn3b/
but Not Brn3a/ RGCs
As revealed by AP histochemistry, Brn3aAP/+ and Brn3bAP/+
RGCs project to a diverse set of central targets that mediate856 Neuron 61, 852–864, March 26, 2009 ª2009 Elsevier Inc.both image-forming and non-image-forming vision: the lateral
geniculate nucleus (LGN); the superior colliculus (SC); the dorsal,
lateral, and medial terminal nuclei (DTN, LTN, and MTN); the
olivary pretectal nucleus (OPN); and the pretectal area (PA) and
adjacent nucleus of the optic tract (NOT) (Figures 1I–1L and
5A–5J). The suprachiasmatic region and the intergeniculate
leaflet (IGL) receive projections from Brn3b-expressing RGCs
but not from Brn3a-expressing RGCs (Figures 1I, 1K, 5A,
and 5F). These observations regarding the central targets of
Brn3a-expressing RGCs extend an earlier analysis that utilized
a Brn3atau-lacZ allele in which projections to the accessory optic
system were not detected (Quina et al., 2005), a difference that
we ascribe to the different sensitivities of the AP and tau-lacZ
reporters.
In contrast to the normal or nearly normal projections to central
targets from Brn3aAP/ RGCs (Figures 5A0–5E0), projections from
Brn3bAP/- RGCs are greatly reduced, mirroring the reduction in
the number of Brn3b-expressing RGCs (Figures 5F0–J0 and
5O–5Q0). Large decrements in Brn3bAP/ projections are
apparent in the OPN, PA, LGN, and SC. In the accessory optic
system, projections to the LTN and MTN are eliminated and
the accessory optic tract (AOT) is missing (Figures 5I, 5I0, and
5P–5Q0). Within the suprachiasmatic region, Brn3bAP/ axon
arbors shift from a narrow lateral distribution to a central and
more diffuse distribution (Figures 5F and 5F0). In the SC, the
topographic arrangement of Brn3bAP/ fibers is minimally per-
turbed, as shown by the central unstained stripe that bisects
the SC in the coronal plane and that corresponds to the dorso-
ventral stripe of low Cre activity in the Pax6aCre retina (Figures
5O and 5O0). Axon tracing by intraocular injection of fluorescent
cholera toxin B in Brn3b/ mice (Figures 5K–N0) shows a nearly
Neuron
Brn3 Genes in Retinal Ganglion Cell Developmentnormal density of projections to the SCN, but for other central
targets there is a decrement in retinal projections roughly propor-
tional to that observed for the projections from Brn3bAP/ RGCs.
InBrn3b/mice, theMTN receives little or no retinal input of any
kind (Figures 5M and 5M0), implying that this input is normally
derived from (or is dependent on) Brn3b-expressing RGCs.
Development of Brn3aAP/ RGC Dendrites
and Brn3bAP/ RGC Axons
Defects in dendritic morphology and axon targeting can arise
from defects in specification or path-finding early in develop-
ment, aberrant pruning later in development, or some combina-
tion of these processes. To define the development of dendritic
morphologies and axon trajectories for WT and mutant RGCs in
a cell type-specific manner, we imaged developing Brn3aAP/+,
Brn3aAP/,Brn3bAP/+, andBrn3bAP/RGCs in late fetal and early
postnatal life. In the postnatal day (P)4 retina—a time when IPL
lamination is still incomplete, as judged by the presence of
Figure 4. Brn3bAP/ RGCs Have Altered Axonal and
Dendritic Morphologies
(A) Scatter plots of Brn3aAP/ and Brn3bAP/ dendritic arbor
parameters derived from single-cell morphologies. In the
Brn3aAP/ scatter plots, the gap centered at the ON/OFF
boundary is indicated by a vertical gray bar.
(B) Digitized morphologies of two adjacent and partly overlap-
ping bistratified RGCs from a Brn3aCKOAP/-;Pax6aCre retina.
(C) Pie charts showing the ratios of bistratified (orange):mo-
nostratified (blue) Brn3aAP RGCs in Brn3aCKOAP/+;Pax6aCre
and Brn3aCKOAP/;Pax6aCre retinas.
(D) Sparsely recombined zone of a flat mountedBrn3bCKOAP/;
Pax6aCre retina showing circumferentially oriented fibers
(arrowheads). The optic disc is at the bottom center.
(E) Pie charts showing the ratios of Brn3bAP cell bodies in the
INL (yellow):GCL (purple) in Brn3bCKOAP/+;Pax6aCre and
Brn3bCKOAP/;Pax6aCre retinas.
(F–J) Digitized morphologies of Brn3bCKOAP/;Pax6aCre
RGCs. Color coding and symbols are as described for Figure 2,
with the addition that neurites originating from axons and
penetrating into the IPL are shown in light blue. The cell in (F)
has no axon. Scale bar in (D), 200 mm.
a single band of calretinin immunoreactivity—the
dendrites of Brn3aAP/+ RGCs are confined to
a discrete zone at the center of the IPL (Figures
6A–6D and S5). By P11, this pattern has evolved
to match that of the adult IPL. Interestingly, the
distinctive gap in the distribution of Brn3aAP/
dendrites within the central IPL is already evident
at P4 (Figures 6B and S5B). These data imply that
the cell-autonomous differences in dendritic strati-
fication between Brn3aAP/+ and Brn3aAP/ RGCs
are programmed early during IPL development,
before the time when bipolar cells are fully devel-
oped and activity-dependent dendritic refinement
is thought to act (Morgan et al., 2006; Tian and
Copenhagen, 2003).
In earlier descriptions of the developing Brn3b/
CNS, diI labeling of RGC axons revealed erroneous
trajectories at the optic chiasm and SC (Erkman et al., 2000). By
specifically visualizing the central projections of Brn3bAP/
RGCs, we observed that a small number of axons from
Brn3bAP/ RGCs project to the developing MTN at E17 and are
then progressively lost over the first postnatal week (Figures
6G–6H0, 5I, and 5I0). We also observed a distinctive defect begin-
ning at P4 in which numerous neurites emerge from the optic
tract and penetrate nearby nontarget areas (Figures 6E–6F0).
These neurites increase in number through P9 but are lost by
adulthood.We speculate that these relatively late developmental
phenotypes may reflect earlier errors in targeting or synaptogen-
esis by Brn3bAP/ RGC axons.
Visual Sensory Defects in Brn3b/ Mice
Thewidespread reduction in projections to retino-recipient areas
in theBrn3b/ brain, and, in particular, the complete absence of
projections to the LTN and MTN, suggested the possibility that
Brn3bAP/ mice might exhibit distinctive deficits in visualNeuron 61, 852–864, March 26, 2009 ª2009 Elsevier Inc. 857
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Brn3 Genes in Retinal Ganglion Cell DevelopmentFigure 5. Decreased Brain Projections from Brn3bAP/ but Not Brn3aAP/ RGCs
(AJ0) AP-stained RGC projections in the principal retino-recipient areas in coronal sections of adult brains from Brn3aCKOAP/+;Pax6aCre, Brn3aCKOAP/-;Pax6a
Cre, Brn3bCKOAP/+;Pax6aCre, and Brn3bCKOAP/-;Pax6aCremice. From top to bottom: the optic chiasm and SCN, the LGN and anterior pretectal area (PA) con-
taining theOPN, the posterior PA containing theNOT andDTN, theMTN and the inferior and lateral fascicles of the AOT, and the SC. The narrow unstained vertical
zonewithin the LGN in (B), (B0 ), and (G), and thewider zone in the LGN in (G0), correspond to the area targeted by RGCswith cell bodies in the dorsoventral stripe of
retina that is weakly recombined in the Pax6aCre background.
(KN) RGC projections in the principal retino-recipient areas in coronal sections of adult brains from Brn3b+/ and Brn3b/mice injected with Alexa Fluor 594-
conjugated Cholera toxin B in the left eye (red) and Alexa Flour 488-conjugated Cholera toxin B in the right eye (right).
(OQ0) AP-stained Brn3bCKOAP/+;Pax6aCre and Brn3bCKOAP/–;Pax6aCre intact midbrains in dorsal (O and O0), ventral (P and P0), and lateral (Q and Q0) views.
Anterior is to the right. Arrowheads in (O) and (O0): the coronal stripe of weak AP staining in the center of the SC corresponding to the target area of RGCs
with cell bodies in the dorsoventral stripe of retina that is weakly recombined in the Pax6aCre background. Arrowheads in (P) and (P0): the ventral aspect of
the AOT. Arrowheads in (Q) and (Q0 ): the LTN and lateral aspect of the AOT. Scale bars, 1 mm.behavior. To test this hypothesis, we quantified eye tracking in
response to a pattern of moving stripes (the optokinetic reflex,
OKR), the pupillary light response, and circadian photo-entrain-
ment in Brn3b/ and control (Brn3b+/ and Brn3b+/+) litter-
mates.
In Brn3b/ mice, the OKR to horizontally moving stimuli is
reduced to roughly one-third of the WT value, and the response
to vertically moving stimuli is abolished (Figures 7A and 7B). This
difference between horizontal and vertical OKRs suggests that in
the Brn3b/ brain, the loss of projections to the MTN and LTN,
which control vertical eye movements, is more severe than the858 Neuron 61, 852–864, March 26, 2009 ª2009 Elsevier Inc.loss of projections to the DTN and NOT, which control horizontal
eye movements (Simpson, 1984). Brn3b/ mice also show
a profound defect in the central control of pupil constriction
(Figures 7C–7E). Although the innervation and competence of
the pupillary muscles appear to be normal, as demonstrated
by full pupil constriction in response to topical carbachol
(Figure 7C), the pupillary response to changes in ambient light
level is greatly reduced in sensitivity, typically delayed by tens
of seconds, and unstable (Figures 7D and 7E). This defect is
likely referable to a loss of projections to the PA and OPN (Gam-
lin, 2006).
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recorded from 7 Brn3b/ and 7 Brn3b+/ control mice sub-
jected to 12 hr:12 hr light:dark (12:12 LD) cycles with progres-
sively dimmer light regimens (Figure 7F, panels i, ii, and iii).
Two Brn3b/ mice free-ran with a period less than 24 hr in all
light regimens (Figure 7F, right panels; ‘‘severe phenotype’’).
The remaining 5Brn3b/micewere able to photo-entrain, albeit
weakly and with an unstable phase relation to the imposed LD
cycle, and often had what appeared to be a split rhythm (Fig-
ure 7F, center panels; ‘‘mild phenotype’’). Under constant dark-
ness (Figure 7F, panel iv), Brn3b/ and Brn3b+/mice exhibited
similarly shortened periodicities (controls, 23.69 ± 0.08 hr;
Brn3b/, 23.71 ± 0.25 hr), implying the existence of a normally
functioning circadian clock in Brn3b/ mice. When a 15 min
light pulse was given 4 hr after the onset of the subjective night
Figure 6. Development of IPL Stratification by
Brn3aAP/+ and Brn3aAP/ RGC Dendrites and Central
Projections by Brn3bAP/+ and Brn3bAP/ RGC Axons
(A–D) Immunostaining for calretinin and AP in Brn3aCKOAP/+;
Pax6aCre and Brn3aCKOAP/-;Pax6aCre retinas at P4 and P11.
The inner retina is shown with the GCL at the bottom. Sche-
matic at right is as for Figure 3. Scale bar in (D), 40 mm.
(E–H0 ) Coronal sections of Brn3bCKOAP/+;Pax6aCre and
Brn3bCKOAP/-;Pax6aCre brains at the level of (E and E0) the
optic chiasm and (F and F0) 200 mm posterior to the chiasm
at P9, and (G–H0) the MTN at E17 and P3. Scale bar in (F),
1 mm.
(Figure 7F, panel iv), all Brn3b+/ mice responded
with a robust phase shift (2.37 ± 0.79 hr), whereas
Brn3b/mice were unresponsive (0.11 ± 0.27 hr;
p < 0.01). Mice were then subjected to a jet-lag
paradigm in which their imposed LD cycle was
advanced and then delayed by 6 hr (Figure 7F,
panel v). In response to the new LD cycle, Brn3b+/
mice rapidly resynchronized, mild phenotype
Brn3b/ mice gradually resynchronized, and
severe phenotype Brn3b/ mice did not
resynchronize. Constant light strongly suppressed
the activity of Brn3b+/ mice, but had little effect
on the activity or periodicity of Brn3b/ mice
(Figure 7G). Finally, to directly observe masking
responses independent of the circadian clock, we
used an ultradian paradigm consisting of 3.5:3.5
LD cycles (Figure 7H). Brn3b/ mice were
substantially more active in the light than their
control counterparts: the percentage of daily
activity that occurred within the light phase was
4.72% ± 2.65% in controls, versus 39.12% ±
14.22% in Brn3b/ mice (p < 0.05). These obser-
vations indicate that the retinal inputs to the SCN
that remain in Brn3b/ mice (Figures 5K and 5K’),
although substantial, are insufficient to mediate
normal photo-entrainment. Defects in other retino-
recipient nuclei—such as the OPN or IGL, which
receive input from ipRGCs (Hattar et al., 2006),
project to the SCN (Moga and Moore, 1997), and
are affected in Brn3b/ mice—may account, at least in part,
for the photo-entrainment defects.
DISCUSSION
The principal results of the present study are that (1) the dendrites
of Brn3a- and Brn3b-expressing RGCs exhibit different distribu-
tions of IPL stratification, with dendrites of Brn3a-expressing
RGCs stratifying exclusively in the outer 60%–70% of the IPL;
(2) except for the suprachiasmatic region and the IGL, Brn3a-
and Brn3b-expressing RGCs project to largely overlapping sets
of central targets, including all of themajor retino-recipient areas;
(3) loss of Brn3a leads to an increase in the ratio of bistratified to
monostratified RGCs, with only modest RGC loss and little effect
oncentral projections; and (4) lossofBrn3b leads to loss of70%Neuron 61, 852–864, March 26, 2009 ª2009 Elsevier Inc. 859
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Brn3b/ Mice
(A and B) OKR measured by infrared imaging of
eye position in response to temporal-to-nasal
(horizontal OKR) or dorsal-to-ventral (vertical
OKR) motion of black and white stripes during
the 30 s period indicated by the striped pattern at
the top of each panel in (A). In (B), the number of
eye-tracking movements (ETMs; each ETM is
defined as a slow tracking movement followed by
a rapid saccade) is plotted for WT and Brn3b/
mice. The number of mice tested for each condi-
tion is indicated in (B); error bars represent stan-
dard deviations. One Brn3b/ mouse produced
a small number of ETMs to vertical stimuli; subse-
quent testing showed that this was due to imper-
fect vertical alignment of the head. These data
account for the nonzero value of the averaged
Brn3b/ vertical OKRs in (B).
(C–E) Pupillary light responses. (C) Brn3b/ mice
show little pupillary constriction to 200 lux, but
a normal ciliary muscle response to 1% topical
carbachol; dashed lines indicate the boundaries
of the pupil. (D)WTmice show rapid pupil constric-
tion in response to illumination, with greater
constriction in response to higher-intensity illumi-
nation; Brn3b/ mice show variable responses
with, on average, little constriction even at the
highest level of illumination (400 lux); each curve
shows the average and standard deviation of three
trials with each of five mice (for WT: three Brn3b+/+
and two Brn3b+/). (E) Extended time course of
pupil responses of WT, TKO (triple knockout;
Opn4/Gnat1/;Cnga3/ mice in which rods,
cones, and intrinsically photosensitive RGCs are
inactivated; Biel et al., 1999; Cahill and Nathans,
2008; Calvert et al., 2000; Lucas et al., 2003) and
Brn3b/ mice to switching from darkness to 400
lux and then back to darkness (top bar).
(F–H) Actograms for a Brn3b+/ and two Brn3b/
mice subjected to various light-dark regimens as
described in the text. Numbers mark hours; each
horizontal line in (F) and (G) corresponds to 48 hr.
(F) 12:12 LD cycles of intensities 1000 (i), 100 (ii),
and 10 (iii) lux; after 12 days of constant darkness, mice were exposed to a 15 min, 1500 lux light pulse (white dot) at CT16 (iv); and a jet-lag paradigm (v) in which
the LD cycle was advanced and then delayed by 6 hrs. (G) Constant light (1000 lux). (H) Ultradian 3.5:3.5 LD cycle.of RGCs, disorganization of axonal structure in the eye and brain,
and a differential loss and/or dysfunction of central projections
that severely impairs the vertical OKR and compromises light-
dependent pupil constriction andphoto-entrainment. Thebehav-
ioral deficits inBrn3b/mice affect all of the non-image-forming
divisions of the visual system. In the case of the pupillary light
response and the OKR, the observed defects in axonal projec-
tions accurately predict the behavioral deficits. However,
photo-entrainment is substantially impaired despite a relatively
modest decrement in RGC projections to the SCN, suggesting
that this phenotype reflects defects in the innervation of other ret-
ino-recipient nuclei.
Brn3 Transcription Factors and the Specification
of Neuronal Identity
Understanding the transcriptional regulatory networks that
control neuronal diversity is one of the central aims of develop-860 Neuron 61, 852–864, March 26, 2009 ª2009 Elsevier Inc.mental neurobiology. In the developing spinal cord, investiga-
tions over the past two decades have shown that there are
complex combinatorial, partially redundant, and stage-specific
interactions among transcription factor genes that determine
the distinctive properties of different groups of motor neurons.
For example, the territories defined by Hox gene expression
and retinoid receptor signaling control rostrocaudal diversity
among motor neurons, and the combinatorial action of LIM-
homeodomain genes controls axon path-finding and target
selection (Maden, 2006; Shirasaki and Pfaff, 2002). In the retina,
a large number of transcription factors have been identified that
control cell fate decisions within the major classes of neurons,
including rods and cones (Furukawa et al., 1999; Ng et al.,
2001; Oh et al., 2007), bipolar cells (Cheng et al., 2005; Chow
et al., 2004), horizontal and amacrine cells (Elshatory et al.,
2007; Fujitani et al., 2006; Li et al., 2004), and RGCs (Mu et al.,
2008; Qiu et al., 2008). In general, the mechanisms by which
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Brn3 Genes in Retinal Ganglion Cell Developmentthese transcription factor genes produce their cellular effects—
that is, the identities and functions of their target genes—remain
unknown.
Among transcription factor genes implicated thus far in
controlling retinal development, the Brn3 genes are distinctive
in the RGC-specificity of their expression, their high mutual
sequence similarity, and their role in the development of primary
sensory cells in other sensory systems as revealed by their
knockout phenotypes. How the last of these attributes relates
to their roles in controlling RGC development is unclear. In the
present work, the identification of distinctive patterns of dendritic
stratification by Brn3a- and Brn3b-expressing RGCs, together
with the differential innervation of the SCN and IGL by these
RGCs, provides the first clear connection between morphologi-
cally defined RGC subtypes and patterns of transcription factor
expression. Moreover, the observation that loss of Brn3a leads
to a dramatically altered pattern of dendritic stratification,
whereas loss of Brn3b largely affects axonal development,
path-finding, and target selection, argues that, despite their
high degree of amino acid sequence similarity, Brn3a and
Brn3b perform qualitatively different functions during RGC
development.
Thus far, experiments aimed at defining genes regulated by
Brn3a in the somatosensory system (Eng et al., 2004; Lanier
et al., 2007) and by Brn3b in the retina (Erkman et al., 2000;
Mu et al., 2004) have been performed on bulk samples, with
the result that distinctions between neuronal subtypes have
not been revealed. Distinguishing between subtypes is likely to
be important because the actions of the different Brn3 proteins
on their transcriptional regulatory targets may depend on the
cellular context, as suggested, for example, by the contrast
between the presence of axon path-finding defects among
Brn3a/ dorsal root ganglion neurons (Eng et al., 2001) and
the absence of axonal path-finding defects among Brn3a/
RGCs. In this example, a substantial part of the context effect
may reflect redundancy with coexpressed Brn3b in RGCs. Alter-
nately, the afferent of each DRG neuron, as the input branch of
a pseudo-unipolar neurite, may, in some of its molecular proper-
ties, be developmentally homologous to the dendritic arbors of
RGCs, which, as shown here, are dependent on Brn3a function.
A potentially useful model for Brn3 functionwithin a larger tran-
scriptional network can be found in Drosophila, where the POU-
domain gene Acj6 appears to participate in a combinatorial code
with multiple other transcription factors to control the dendritic
specificity of olfactory projection neurons and the stereotyped
branching of the axons of olfactory receptor neurons in their
target glomeruli (Clyne et al., 1999; Komiyama et al., 2004;
Komiyama et al., 2003; Komiyama and Luo, 2007). Because
Acj6 is the soleDrosophila ortholog of the vertebrate Brn3 family,
it may be of interest to examine mammalian homologs of those
Drosophila genes identified as part of the Acj6 regulatory
network as candidates that might interact with Brn3 family
members.
Brn3 Control of Dendritic Stratification,
Axonal Structure, and Target Selection
Dendritic stratification is an organizational strategy used in
a variety of contexts in the CNS, including the retina, the dorsalhorn of the spinal cord, the cerebral cortex, and the LGN. It
has been most intensively studied in the retina, where the IPL
is composed of at least ten distinct strata and most RGCs
have dendritic arbors that are either monostratified or bistrati-
fied. Correlations between the level of dendritic stratification
and the physiologic response properties of individual RGCs
show that different IPL strata extract (and therefore different
RGCs transmit) different features of the visual stimulus (Roska
and Werblin, 2001). Although the molecular mechanisms
controlling IPL stratification are still largely unknown, recent
work has implicated the Sidekick and Dscam members of the
Ig protein superfamily in stratification specificity (Yamagata
and Sanes, 2008; Yamagata et al., 2002). These cell surface
proteins are expressed in largely nonoverlapping subsets of
RGCs, bipolar cells, and amacrine cells, and each protein medi-
ates homophilic but not heterophilic binding, suggesting a simple
homophilic adhesion model for the mutual recognition of
synaptic partners in the IPL. However, it is not currently known
how synaptic partners determine which stratum to occupy within
the IPL and how the two partners are programmed to express the
same adhesion molecule. RGC dendritic stratification is also
influenced by synaptic activity, as pharmacologic blockade of
glutamate release or light deprivation in the developing retina
impairs its refinement (Bisti et al., 1998; Bodnarenko and Cha-
lupa, 1993; Tian and Copenhagen, 2003; Xu and Tian, 2007).
The conclusion that Brn3a is part of a genetic regulatory
network that controls IPL stratification is based on (1) the strati-
fication differences between Brn3a-expressing and Brn3b-
expressing RGCs and (2) the effect of Brn3a deletion on the
distribution of RGC dendrites within IPL strata and on the ratio
of bistratified to monostratified RGCs. With respect to the
increased ratio of bistratified to monostratified RGCs, we note
that it is possible to account for this increase either by a conver-
sion of monostratified to bistratified RGCs or by a selective loss
of monostratified RGCs. We favor the former explanation
because (1) the altered stratification pattern is observed at
a time (P4) when RGC dendrites are just beginning to stratify in
the IPL (Figures 6 and S5), inconsistent with late elimination of
monostratified RGCs; and (2) an RGC elimination mechanism
alone cannot account for the appearance of Brn3aAP/ RGC
dendrites at the level of the innermost of the three calretinin
strata, a stratum that is minimally populated by Brn3aAP/+ RGC
dendrites (Figure 3).
In contrast to Brn3aAP/ RGCs, Brn3bAP/ RGCs show an
essentially normal distribution of dendritic morphologies.
However, by selectively visualizing Brn3bAP/ RGCs we observe
a wide variety of axonal defects that are consistent with in vitro
culture experiments showing thatBrn3b/ axons have polariza-
tion defects and have acquired some of the properties of
dendrites (Wang et al., 2000). Earlier diI tracing analyses had
indicated defects among Brn3bAP/ axons in path-finding at
the optic chiasm and in retinotopic mapping in the colliculus
(Erkman et al., 2000). By selectively visualizing Brn3bAP/- axons,
we additionally observe defasciculated processes invading
inappropriate territories along the optic tract (Figure 6), but we
do not see evidence for large-scale defects in retinopy in the
SC (Figures 5O and 5O0). In light of the qualitative differences
that we observe in Brn3a and Brn3b loss-of-function RGCNeuron 61, 852–864, March 26, 2009 ª2009 Elsevier Inc. 861
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mice in which Brn3a coding sequences were substituted for
Brn3b coding sequences (Pan et al., 2005) to determine whether
RGC morphologies are affected.
Genetic Analysis of Mammalian Neural Development
at Single-Cell Resolution
The conditional knockout approach presented here and in
a recent study of Frizzled5 function in the thalamus (Liu et al.,
2008)—inwhichCre-mediated excision of a target gene’s coding
region and 30 UTR also leads to the expression of a histochemical
reporter—represents a new strategy for analyzing the
morphology and function of individual genetically altered
mammalian neurons. In its current form, this strategy is most
easily applied to relatively compact genes, in which case a single
gene-targeting construct can be used to engineer loxP sites both
50 and 30 of the coding region. This strategy also requires
a conventional loss-of-function allele that lacks the histochem-
ical reporter, since sparse Cre-mediated recombination requires
that the conditional allele be present in only one copy. The
present work demonstrates the general utility of this approach.
Related approaches for visualizing and/or altering mammalian
neurons include (1) visualizing the progeny of a progenitor cell
population by activating an unlinked lacZ reporter with a target
gene-CreER knockin (Zirlinger et al., 2002), and (2) activating
loxP recombination by sparse coexpression of GFP with Cre or
CreER from a thy-1 transgene or following transduction by AAV
or lenitivirus vectors (Kasper et al., 2007; McCarty et al., 2004).
In Drosophila, individual neurons can be manipulated by using
mitotic recombination to simultaneously mark a cell and render
it homozygous for a target gene mutation, (mosaic analysis
with a repressible cell marker [MARCM]; (Komiyama et al.,
2004; Lee and Luo, 1999), an approach that has recently been
extended to the mouse (mosaic analysis with a double reporter
[MADM]; Zong et al., 2005).
Potential extensions of the strategy used here include: (1)
indelibly marking the cell that has undergone Cre-mediated
recombination by placing an unrelated site-specific recombi-
nase 30 of the target gene and crossing in a reporter controlled
by the second recombinase; (2) using reporters other than
AP—in particular, fluorescent or epitope-tagged fusion proteins
that localize to subcellular structure such as synapses; and (3)
using cell-type specific Cre lines to selectively target neuronal
subpopulations defined by the intersection of the expression
patterns of the recombinase and its target. Given the importance
of visualizing and genetically manipulating individual identified
mammalian neurons, we predict that these strategies will
become widely used.
EXPERIMENTAL PROCEDURES
Mouse Lines
The Pax6aCre (Marquardt et al., 2001), ROSA26CreER(T) (Badea et al., 2003),
and the Brn3a (Xiang et al., 1996) and Brn3b (Gan et al., 1996) conventional
knockout lines were described elsewhere. The Brn3aCKOAP and Brn3bCKOAP
conditional alleles were generated by homologous recombination in mouse
embryonic stem cells using standard techniques. For the targeted alleles,
the following changes were made: a loxP site was inserted in the 50 UTR 42
bp 50 (for Brn3a) or 98 bp 50 (for Brn3b) before the initiator ATG; 3 repeats of862 Neuron 61, 852–864, March 26, 2009 ª2009 Elsevier Inc.the SV40 early region transcription terminator were added to the 30 UTR
48 bp (for Brn3a) or 340 bp (for Brn3b) 30 of the Brn3 translation termination
codon, followed by a second loxP site and the coding region of human
placental alkaline phosphatase (AP). A positive selection cassette (PGK-
Neo), flanked by FRT sites, followed the AP coding region and was subse-
quently removed by crossing to mice expressing FLP recombinase in the
germline.
Histology
Retina whole mounts and brain sections were stained, processed, and
imaged, and RGC dendrites and axons were traced and quantified as
described elsewhere (Badea and Nathans, 2004; Badea et al., 2003). High-
resolution images were captured on a Zeiss Imager.Z1 fitted with an Apotome
for fluorescent imaging and Axiovision software. Rabbit polyclonal anti-Brn3a
and anti-Brn3b antisera were described by Xiang et al. (1995). The sources of
commercial antibodies are as follows: sheep polyclonal anti-AP was obtained
from American Research Products (Belmont, MA), rabbit polyclonal anti-calre-
tinin and anti-calbindin were obtained from Swant (Bellinzona, Switzerland),
and rat monoclonal anti-Thy-1 was obtained from BD Biosciences. Cholera
Toxin B conjugates were obtained from Molecular Probes (Eugene, OR).
Optokinetic Reflex
The OKR apparatus and recording methodology are described in detail in
Cahill and Nathans (2008). In brief, a head-posted mouse was immobilized
in an acrylic holder in the center of a 29.5 cm diameter vertical white cylinder.
A computer-generated image of alternating black and white vertical stripes
(each stripe subtending 4 of visual angle) was projected into the inner walls
of the drum by a rotating projector mounted on the ceiling. The striped pattern
had an average brightness of 100–200 lux and was rotated at 5/s. Thirty-
second stimulus presentations were alternated with 30 s of a uniform gray.
Eye movements were captured with an infrared video imaging system (ISCAN,
Cambridge, MA) and were stored, processed, and displayed using Microsoft
Excel. The number of eye tracking movements (ETMs; defined as a saccade
followed by a slow tracking movement in the opposite direction) was counted
per 30 s interval. Eye movements along the vertical axis (with respect to the
mouse) were recorded by rotating the acrylic mouse holder 90 so that the
nose of the mouse pointed vertically. With the stripes now moving dorsal-to-
ventral or ventral-to-dorsal with respect to the mouse, the same rotating visual
stimulus was presented only to the eye fromwhich the infrared video recording
was obtained. To produce a degree of pupil constriction in Brn3b/mice that
matches the constriction of WTmice, Brn3b/mice were treated with several
microliters of 10% pilocarpine eyedrops just before OKR testing.
Pupil Constriction
The mouse’s head was stabilized as described for the OKR. Two different
protocols were used to measure the pupillary light response. In the first, the
environment was darkened or illuminated with intensities of 1, 10, and
400 lux in alternating 30 s intervals, a regimen that was repeated three times,
progressing from dim to bright light. In the second protocol, mice were either
dark adapted or exposed to room light (100 lux), and thenmaintained for one
minute in complete darkness, exposed to 400 lux for 5 min, and returned to
complete darkness for a final 1 min. Light intensities were controlled with
neutral density filters and both eyes were illuminated equivalently.
Photo-Entrainment and Light-Induced Activity Suppression
Mice were placed in cages equipped with a 4.5 inch running wheel and
exposed to different light regimens as described in the text. Light intensity
was 1000 lux unless otherwise noted. Wheel running activity was monitored
using VitalView software (Mini Mitter Co., Bend, OR). Data were analyzed
and actograms were generated with ClockLab software (Actimetrics, Wilm-
ette, IL).
SUPPLEMENTAL DATA
The Supplemental Data include five figures and can be found with this article
online at http://www.neuron.org/supplemental/S0896-6273(09)00087-7.
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